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Members of social groups risk infection through contact with those in their social
network. Evidence that social organization may protect populations from pathogens
in certain circumstances prompts the question as to how social organization affects
the spread of ectoparasites. The same grooming behaviors that establish social bonds
also play a role in the progression of ectoparasitic outbreaks. In this paper, we model
the interactions between social organization and allogrooming efficiency to consider
how ectoparasitic threats may have shaped the evolution of social behaviors. To better
understand the impacts of social grooming on organizational structure, we consider
several dynamic models of social organization using network centrality measures as the
basis of neighbor selection. Within this framework, we consider the impact of varying
levels of social grooming on both the group structure and the overall ectoparasitic disease
burden. Our results demonstrate that allogrooming, along with ongoing dynamic social
organization, may be protective with respect to both the timing and the magnitude of
ectoparasitic epidemics. These results support the idea that ectoparasitic threat should
not be considered a single evolutionary factor in the evolution of host social systems,
and may have operated in different ways depending on the broader ecology of the
host-ectoparasite interaction.
Keywords: evolutionary sociobiology, hygienic behavior, social grooming, allogrooming network, dynamic social
network
1. INTRODUCTION
Among studies that consider how social species may have evolved, the risk of exposure to
infectious pathogens is often mentioned as a potentially critical barrier against close or frequent
contact among individuals (Hochberg, 1991; McCabe et al., 2015). Theories about how sociality
may have evolved, despite these risks, range from reliance on physiological immunology to
protective hygienic behaviors [both individual and social (Cremer et al., 2007; Schaller, 2011; Hock
and Fefferman, 2012)]. Recent work has extended the role of individual behavioral choices to
consider emergent social structure as itself being potentially protective against disease transmission
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(Rosengaus et al., 1998; Bonds et al., 2005; Hock and Fefferman,
2012). These insights build on the body of work that has
demonstrated the critical impact that social structure can play
in determining the course of an infectious disease epidemic in a
population, but focus primarily on infectious pathogens, leaving
the critical differences inherent in epidemiological dynamics of
ectoparasitic infections unaddressed (Bansal et al., 2007, 2010;
Craft, 2015; Sah et al., 2017).
Allogrooming, or social grooming, serves to signal and/or
reinforce social bonds (Matheson and Bernstein, 2000; Kutsukake
and Clutton-Brock, 2006), providing health benefits to both
the groomer and groomee while developing and reinforcing
relationships among group members. Immediate benefits to
the groomer may include a decrease in tension (Shutt et al.,
2007), access to nearby resources (Börger et al., 2008),
and nutritional benefits from the consumption of groomed
ectoparasites (Ramanantsalama et al., 2018). Over time, a
groomer promotes social affiliations in the group, attains status,
and forms alliances with others (Russell and Phelps, 2013). The
groomee experiences a decrease in stress and tension via oxytocin
and beta-endorphins, creates affiliative bonds, and contributes
to the overall cohesion of the group (Schino et al., 1988). The
act of allogrooming itself incurs opportunity costs in terms of
loss of time and energy. For example, the focus required to be
effective in allogrooming as a strictly hygienic act may distract
groomers from noticing new opportunities, such as foraging for
resources or detecting threats like predators (Maestripieri, 1993;
Mooring and Hart, 1995). From an epidemiological perspective,
allogrooming provides pathways for transmission of infection of
ectoparasites that directly mirror those that would be relevant for
pathogens, but also critically deviates from pathogen dynamics
in that the groomer can decrease the ectoparasitic burden of the
groomee. Hence, social contact is not solely a source of infection
risk, but also a viable potential means for mitigation of risk.
There are many examples of social populations using
allogrooming to reduce ectoparasite loads and mitigate the costs
of congregating. In a study on various rodent populations, high
levels of sociality and allogrooming correlated with a significant
decrease in ectoparasites (Bordes et al., 2007). Female African
ground squirrels were found to spend a greater amount of time
allogrooming than their male counterparts and had significantly
reduced ectoparasite loads (Hillegass et al., 2008). In the ant
Formica selysi, social grooming decreases the number of fungal
spores on contaminated workers and serves as a protective
defense to the colony against the spread of fungal disease (Reber
et al., 2011). Allogrooming provides benefits that self-grooming
cannot; for example, impalas use allogrooming as an effective
technique to reduce ticks on the head and neck, which could not
be reached by self-grooming (Mooring and Hart, 1995).
The dynamics of allogrooming are themselves complicated
and warrant careful consideration of their impact on disease
transmission and the resulting selective pressures from
ectoparasites that could act on the evolution of these behaviors.
Species that live in social groups may be especially vulnerable
to both infectious diseases and ectoparasite spread (Altizer
et al., 2003a). As discussed above, the risk of ectoparasite
spread is a cost of sociality (Bordes et al., 2007) and contact
due to allogrooming provides a means for both pathogen and
ectoparasite transmission.
However, ectoparasite transmission due to allogrooming
differs from pathogen spread in some important ways. Perhaps
most importantly, there exists the potential for re-exposure to
critically alter disease burden. In other words, ectoparasites
can be transmitted to already-infected hosts in ways that can
meaningfully alter host health. This repeated transmission,
resulting in an increased ectoparasite load, can have a deleterious
effect on reproduction and survival (Cheney and Côtí, 2003;
Brown and Brown, 2015). Previous modeling efforts by
Nowak and May (1994) explore the effects of this so-called
“super-infection” of ectoparasites, which allows for infection
by a diverse number of ectoparasite species and leads to
more complicated dynamics than classical susceptible-infected
dynamics. From an evolutionary perspective, repeated super-
infection by ectoparasites allows for co-evolution of host
resistance and ectoparasite ability to infect the host (Gandon
et al., 2002), which is not possible for single infection events.
Additionally, as mentioned above, allogrooming may result
in self-limiting ectoparasite transmission dynamics where an
increase in contact reduces infection transmission. The nature
of the infection dynamics and the selective pressures to adopt
some social structures above others are likely to depend on the
relative impact of grooming as an effective means of reducing
ectoparasite load.
In this paper, we build on our previous work (Brooks et al.,
2018; Williams et al., 2018) using an agent-based model of
social structure emerging from ongoing grooming dynamics
to consider the relative robustness of different strategies of
social organizational structure with various efficiencies of
allogrooming. While this model is hypothetical and abstract,
it provides practical and predictive insight into the nature
of evolutionary pressures from ectoparasite infections on the
structure of allogrooming in social systems. Here, we specifically
aim to characterize the effects of social organization on the
progression of a ectoparasitic infection. We use a theoretical
framework to determine whether or not social organization can
provide protective qualities in the face of ectoparasitic outbreak.
Finally, we compare the similarities and differences of our
results to those found in the current literature relating to social
organization and pathogenic infections.
2. MATHEMATICAL FORMULATION AND
METHODS
We generalize a previous simulation framework depicting
the dynamics of pathogens on static and dynamic networks
(Fefferman and Ng, 2007). Our simulations track, in time,
the evolution of social connections and ectoparasite load in
a population of N hosts (in our results, N = 50). As
indicated previously, allogrooming between neighbors acts to
both decrease the ectoparasite load on the groomee and facilitate
spread of the ectoparasites through the network. We compare
these dynamics under four affiliation strategies for choosing
neighbors, either randomly or preferentially according to the
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betweenness (B), closeness (C), or degree (D) of other hosts. For
each simulation, all individuals in the network operate according
to the same, pre-prescribed affiliation strategy. In each case, we
model the progression of the social dynamics in the absence of
ectoparasite infection for the first 150 discrete time steps. Then,
ectoparasites are introduced to a single host in the population,
and we monitor the spread of ectoparasites in the resulting
dynamic network. Belowwe describe our implementation of both
the social network and ectoparasite dynamics, in the order in
which they occur in the simulations. For a schematic of our
ectoparasite spreading algorithm, see Figure 1. Results presented
in this work are derived from implementation of the pseudocode
in Appendix A using release 2019a of MATLAB.
2.1. Social Dynamics
We consider populations of N individuals, each of which are
connected to five neighbors. The graph G that represents this
network consists of the N individuals (nodes) and the 5N edges
between them. Edges between individuals are directed, where an
edge from node i to node j indicates that individual i grooms
individual j. At each step in the simulation, individuals assess
the network centralities for each of its neighbors, drop the
two neighbors with the lowest centralities, and select two new
neighbors with uniform probability from the network (excluding
the two neighbors they lost). As in Fefferman and Ng (2007), the
choice of which neighbors to drop is random, or it is governed by
a rule that depends on a network centralitymeasure. Each of these
measures may be conceptualized at the level of the individual or
the network. In accordance with the social evaluation measures
first described in Freeman (1978), we describe the chosen
centrality measures in more detail below.
1. Degree Centrality: The degree centrality of an individual i is
proportional to its in-degree, din(i). The in-degree of node
i is the number of individuals in the population grooming













(N − 1)(N − 2)
, (2)
where D∗ is the maximum degree of any individual in
the network.
2. Closeness Centrality: The closeness of an individual i is a
measure of how far node i is from every other node j according
to its social connections. In calculating closeness, the distance
d(i, j) between two nodes i and j is the shortest path in the
undirected graph. We consider the undirected graph when
calculating closeness because we want to measure paths that
are representative of social connections in either direction
(groomer or groomee). If there is no path between nodes i and
j, we define the length of the path between them to be N. The
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3. Betweenness Centrality: Betweenness measures how essential
a node i is to connections between pairs of other nodes.
There are several different definitions of betweenness in the
literature; we choose the following. For each node i we
associate a value, count(i), that counts the number of shortest
paths between any two nodes in the network that contains
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(N − 1)(N − 2)
. (6)
Finally, we also consider networks evolving under a random
affiliation strategy. At each step in the randommodel, individuals
drop two neighbors and select two new neighbors (excluding
the two they just dropped) in a random and unbiased way, i.e.,
according to a uniform probability distribution on the available
N − 5 nodes.
We initialize the network at time t = 0 by having each
individual select five neighbors at random. The social networks
organize according to the assigned affiliation strategy (random,
degree, closeness, or betweenness) from time 0 ≤ t ≤ 150. This
agrees with previous work (Fefferman and Ng, 2007) and this
time-span is chosen to allow the social dynamics to converge to
a network with appropriate distributions of centrality measures.
Figure 2 shows networks with 50 nodes at t = 150 corresponding
to each of the four affiliation strategies. For time 150 < t ≤ 300,
the social dynamics continue and ectoparasites are added to the
network. We describe the ectoparasite dynamics below.
2.2. Parasite Dynamics
In addition to the social connections, from step 150 onward, we
track the ectoparasite load of each individual i. We denote this
quantity by P(i). The ectoparasite load is represented by a real
number between 0 and 1, where 0 corresponds to no ectoparasites
and 1 corresponds to a maximum level of ectoparasites. At step
t = 150, we select an individual uniformly at random from
the network to be the host of an initial ectoparasite infection
and grant them a ectoparasite load equal to 0.3. That is, the
host has a ectoparasite infection of 30% of the maximal level.
The ectoparasite populations in the network change according to
three processes: reproduction, spread, and grooming.
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FIGURE 1 | A schematic of our ectoparasite spreading algorithm as described in section 2. The four primary components of the algorithm are network initialization
(pink section), network dynamics (blue section), ectoparasite infection (green section), and ectoparasite dynamics (yellow section). Ectoparasite dynamics include
reproduction, grooming, and transmission. Pseudocode for the algorithm is available in Appendix A.
1. Reproduction: At each time step, we allow a constant increase
of ectoparasites by r = 1% (if the individual does not have
the maximal ectoparasite load and increase is possible). That
is, after reproduction (one time step), the ectoparasite load of
individual i is given by
min{P(i)× (1+ r), 1}. (7)
2. Spread by Grooming: Social interactions for grooming act as
a way to spread ectoparasites throughout the network. During
a grooming event, we consider the possibility of ectoparasites
spreading bi-directionally, either from groomer to groomee or
groomee to groomer. Again in keeping with Fefferman and
Ng (2007), we assume that the probability of the spread of
ectoparasites from individual i, while it either grooms or is
groomed by its neighbors, is given by the ectoparasite load
Frontiers in Ecology and Evolution | www.frontiersin.org 4 March 2020 | Volume 8 | Article 54
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FIGURE 2 | Network configurations after 150 iterations for the four neighbor affiliation strategies, from top to bottom: random (A,B), degree (C,D), closeness (E,F),
and betweenness (G,H). One realization of each network are depicted in the left column, where the in-degree of each vertex is reflected in its size as well as color. The
distribution of the in-degrees of the nodes in each network, which represents the number of groomers of each node, is shown in the right column. By looking down
the right column, we see that the networks organized by the degree affiliation strategy are the most structured in the sense that there are three core nodes having
exactly 49 groomers, and the rest (periphery nodes) have <5 groomers on average. The networks structured by closeness and betweenness affiliation strategies have
a few nodes with many groomers, while the network structured by random affiliations has no nodes with more than 10 groomers.
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of i. That is, if there is an edge from i to j or an edge from j
to i, then
Prob(Parasites spread from i → j) = P(i). (8)
If there is a bi-directional interaction, i.e., host i grooms host j
and host j grooms host i, we increase the probability of transfer
of ectoparasites by a fixed value α = 0.15. That is, in the case
of bi-directional grooming both probabilities are updated to
be the following
Prob(Ectoparasites spread from i → j) = min{(1+α)P(i), 1}.
(9)
Similarly, through this same edge, the probability that host i
gains ectoparasites from host j is
Prob(Ectoparasites spread from j → i) = min{(1+ α)P(j), 1}.
(10)
The probability that ectoparasites are transferred to i from any
of its neighbors is considered to be independent. However,
in keeping with Fefferman and Ng (2007), if ectoparasites
are transferred to host i, the amount transferred to a host is
taken to be a fraction of the average ectoparasite level of all
the host’s neighbors. In this case, we used 10% of the average
ectoparasite load of all the neighbors. Hence, the potential







where ki is the number of groomers of node i and n is the
number of groomees.
We also note this does not lower the ectoparasite load of
any neighbor because transmitted ectoparasites are meant to
capture the questing behavior of ectoparasitic offspring. We
note that this assumption is easy to relax in future work.
3. Ectoparasite Reduction by Grooming: We assume that each
groomer reduces the ectoparasite level of a groomee by a fixed
fraction g that we refer to as the grooming efficiency. As such,
after a single grooming, the ectoparasite level of host i becomes
P(i)(1 − g). Since groomers act independently, if host i has ki
groomers, the ectoparasite load of the host after grooming is
P(i)(1− g)ki. (12)
Finally, because we have a maximal ectoparasite load of m = 1,
at the end of each step in the simulation if the ectoparasite load
of an individual exceeds 1, we set it to 1.
2.3. Parameters
We construct (Figure 1) and parameterize (Table 1) our system
to capture a dynamic in which adult ectoparasites are expected
to remain resident on a host, but their offspring are expected
to migrate to new hosts via the host-to-host contacts provided
by the contact associated with allogrooming. We assume a
net ectoparasite growth rate per time step (in the absence of
grooming) of r = 0.01. At each time step, some fraction s of




N Number of hosts (nodes) in the network 50
t Discrete time step 0, 1, 2, 3, . . . , 300
m Maximal ectoparasite load density 1
r Ectoparasite reproduction factor 0.01
s Unidirectional interaction spread factor 1
α Bidirectional interaction spread factor 0.15
g Grooming efficiency ∈ [0, 0.01]
n # of connections 5
# of neighbors kept at each time step 3
ki # of groomers of host i Dynamic
f Initial ectoparasite infection 0.3 ∗m
Pi (t) Ectoparasite load density of host i at time t ∈ [0, 1]
Efficiency of grooming at time t+ 1 Pi (t)(1− g)
ki
the juvenile ectoparasites on connected hosts can move from
one to the other. In this study, we assume that any juvenile
ectoparasite who does not successfully find a new host dies, and
that 100% of the net juvenile ectoparasites are transmitted via
contact, i.e., s = 1. To incorporate the increased probability of
transmission associated with the increased closeness frommutual
allogrooming (relative to unidirectional allogrooming), we define
α = 0.15 as an increased factor for bidirectional spread of
ectoparasitic infection.
3. RESULTS
We begin by considering network evolution dynamics
independent of ectoparasitic infection. We can gain some
intuition about the results from Figure 2, which shows the
degree distribution over one realization of a 50-node network
for each of the different affiliation strategies. For this discussion,
the critical degree is the in-degree, i.e., the number of individuals
who are groomers of a specific node, which we denote by ki
(sometimes dropping the i when it is unnecessary). For the
random strategy, the expected value of ki is 5, while for the
degree strategy, the expected value of ki is 2 for the periphery
nodes, and ki = 49 for the three core nodes. The networks
that organize with either betweenness or closeness affiliation
strategies both exhibit a more widely-spread distribution of ki
values with more nodes having 2 < ki < 49.
As a baseline for ectoparasite transmission dynamics, in
the absence of allogrooming we find that the ectoparasite
outbreak successfully saturates the host population, regardless
of the considered social structures (Figure 5A). Early in the
progression of the epidemic toward saturation (when total
population-level ectoparasite burden is still small), the random
affiliation strategy is actually protective, delaying the growth
of the ectoparasite epidemic. When compared to the random
affiliation strategy, the remaining strategies (degree, closeness,
betweenness) lead to increased disease burden early on. However,
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FIGURE 3 | Progression of network ectoparasite load over time for each social affiliation strategy (random, betweenness, closeness, and degree) across grooming
efficiencies (A) g = 0, (B) g = 0.001, (C) g = 0.004, (D) g = 0.008. The initial introduction of ectoparasites to the network occurs at t = 0. There is substantial
fluctuation in ectoparasite burden early on in the time course of the epidemics. We expect and see greater consistency in the trajectory from the point at which most
individuals have sustained a moderate ectoparasite load until total population saturation. The standard deviation across 100 simulated trials is shown in the inset. Note
that even in cases of maximal outbreak (g = 0 and g = 0.001), social organization has an impact on the timing of the outbreak.
later in the epidemic, the degree strategy leads to saturation
of parasite burden along the same time-scale as the random
affiliation strategy. Once ongoing ectoparasite transmission is
widespread, the strategies switch efficacy: populations affiliating
by betweenness and closeness delay saturation of ectoparasite
burden relative to either random or degree (see Figures 3, 5).
Of course, there are two potential pathways for a population
to proceed to ectoparasite saturation following introduction
into the community. Saturation can occur either by ongoing
transmission, where each individual’s ectoparasite load increases
primarily due to repeated delivery of new ectoparasites from
others, or by the ectoparasite population growing to saturation
on each individual host following only few instances (or even
just a single instance) of the introduction of (potentially few)
ectoparasites to the host via delivery from others. Since grooming
behavior both exposes individuals to each other (offering
potential routes for transmission) and reduces individual
ectoparasite burden for the individual being groomed (when
grooming efficacy is not zero), another critical impact of social
organization may be to shift the relative mode of population-
level ectoparasitic burden between ongoing transmission and
single-host ectoparasitic growth. An inherent property of the
model dictates that there will be fewer opportunities for
successful transmission as more and more individuals in the
population hit an individual maximal sustainable ectoparasite
load. Hence, we expect the number of transmissions to slow as
population-level saturation is approached. Therefore, we focus
on the number of instances of ectoparasite transmission between
individuals before the population approaches ectoparasite
saturation. In considering the results from this perspective,
when grooming is completely ineffective at reducing individual
ectoparasite burden, we find that populations employing the
random and degree affiliation strategies have a larger number
of transmissions before the population begins to saturate than
do the populations employing either betweenness or closeness
affiliation strategies (see Figure 4).
When instead we consider cases in which grooming has
some benefit by reduction of ectoparasite load to those being
groomed, we see that grooming benefits do have the potential to
alter population-level outcomes of ectoparasite transmission and
overall burden. At low grooming efficiency g = 0.001, we see that
while populations employing either the closeness or betweenness
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FIGURE 4 | Progression of number of ectoparasite transmission events over time for each affiliation strategy (random, betweenness, closeness, and degree) across
grooming efficiencies (A) g = 0, (B) g = 0.001, (C) g = 0.004, (D) g = 0.008. The initial introduction of ectoparasites to the network occurs at t = 0. The standard
deviation across 100 simulated trials is shown in the inset. In the case of maximal outbreak (top panels), the number of transmissions per time unit increases until each
individual has reached its maximal ectoparasite load and ectoparasites can no longer be transmitted, at which point the transmission rate drops to zero.
affiliation strategies are still more protective, the magnitude of
impact is less dependent on when in the progression of the
epidemic dynamics we consider the state of the population
(see Figure 4B). Populations employing the degree affiliation
strategy are slightly more protected than those in populations
using the random affiliation strategy. Across all social structures
considered, all populations still reach ectoparasitic saturation,
though more slowly than in the absence of effective allogrooming
(see Figure 5B).
At a grooming efficiency of g = 0.004, we discover a threshold
behavior in the model. At this efficiency, grooming is capable
of successfully controlling ectoparasite outbreaks, but it strongly
depends on the affiliation strategy employed (Figures 4C, 5C).
The population employing the random affiliation strategy is the
only one capable of extinguishing the ectoparasitic outbreak,
whereas in populations employing any non-random strategy,
there is (very gradual) increase in ectoparasitic burden over
time, which will still eventually lead to saturation of infection
in the population. Exploring an even more efficient level of
allogrooming (g = 0.008), all populations are capable of
controlling ectoparasitic outbreaks (see Figures 4D, 5D). In each
of these cases, we consider standard deviation (inset panels
in Figure 4) to clarify whether outcomes at average success
in ectoparasitic outbreak control rely more on the existence
of a “typical” behavior that is representative of any expected
ectoparasitic outbreak, or instead rely more on the arithmetic
average of vastly different outcomes.
Finally, we consider the effects of social organization on the
relationship between ectoparasite load and the total number
of ectoparasite transmission events (total transmission events
shown in Figure 6). Here, we aim to gain insight into whether the
ectoparasitic load is primarily due to ectoparasite reproduction
as opposed to new ectoparasite transmissions gained via social
grooming. Here, we consider the network at t = 260 (110
time steps after parasite introduction). This time point was
chosen specifically when considering the case with no grooming,
g = 0 (Figure 3A). We chose a time point that was prior to
network saturation but after the point at which betweenness
and closeness strategies show themselves to be protective. For
each grooming efficiency, we consider the correlation between
these two quantities. High correlation between these quantities
indicates that the increase in ectoparasite load is due to
transmissions as opposed to ectoparasite reproduction. Figure 7
highlights the results of this analysis. For networks with random,
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FIGURE 5 | Ectoparasite loads at t = 300 (150 steps after ectoparasite introduction) for different grooming efficiencies and social affiliation strategies. Each box plot
shows ectoparasite load over 100 trials, where ectoparasite load has been re-scaled between 0 (no ectoparasites on any node) and 1 (maximum infestation observed
for a given grooming efficiency). In the absence of grooming (g = 0, A), all 4 of the social affiliation strategies result in maximal ectoparasite load in all trials. For low
grooming efficiencies (g = 0.001, B), closeness and betweenness affiliation strategies are more effective at reducing ectoparasite load. When grooming efficiency is
increased to g = 0.004 (C), the random affiliation strategy is most protective, followed by closeness and betweenness. The degree affiliation strategy is the least
protective against ectoparasite infection load. We also observe this qualitative behavior when g = 0.008 (D).
betweenness, and closeness affiliation strategies, this correlation
is high for g = 0 and g = 0.001 and low for mid-to-high
grooming efficiencies. In the case of a social network organized
using the degree affiliation strategy, we see that the correlation
remains high across all grooming efficiencies. We interpret this
to indicate that with little or no grooming, ectoparasite dynamics
are dominated by transmission dynamics between individuals
in the network. For networks with random, betweenness, and
closeness affiliation strategies, this effect is not as strong with
higher grooming efficiencies.
4. DISCUSSION
Our results demonstrate that emergent, self-organizing social
behaviors can have a profound effect on both the transmission
of ectoparasites and their overall burden to a population. This
direct impact on an ecological relationship with clear fitness
implications highlights the need to expand our discussion of
the selective pressures that may have shaped the evolution of
social complexity in ways that explicitly consider patterns and
dynamics of ectoparasitism (Rigaud et al., 2010; Kappeler et al.,
2015).
Intriguingly, our models demonstrate that patterns that
emerge as a result of individual’s adopting a degree-based
affiliation strategy [a social phenotype seen in some allogrooming
species where dominance and allogrooming are correlated
(Kutsukake and Clutton-Brock, 2006)], is not an effective
social organization for combating population-level ectoparasitic
burden. This supports the idea that social grooming is likely to
play a greater role in social bonding than it does at mitigating
ectoparasitic infection risk. In fact, when grooming is highly
efficient at removing ectoparasites from an individual, we see
that the random affiliation strategy (when individuals provide
indiscriminate allogrooming) confers a greater population-
level protection against ectoparasitism. Even when grooming
is inefficient at removing ectoparasites, the random affiliation
strategy does not incur any substantial penalty in ultimate
burden relative to degree affiliation. This clearly suggests
that allogrooming, despite its seeming focus on removal of
ectoparasites as a targeted action, may have to overcome a fitness
penalty from ectoparasitic infection to confer ultimate fitness
benefits from social bonding.
Of course, this argument focuses on the level of the
population. It may equally be the case that the emergent
protection of social structures associated with dominance
hierarchies are concentrated in particular, dominant individuals
(Duboscq et al., 2016), even at the expense of the broader
population. In this case, allogrooming could actually constitute a
“tragedy of the commons” (Hardin, 1968) in which all individuals
vie to obtain the relative fitness benefits achieved only by a few at
the top, and in doing so, decrease their fitness relative to choosing
not to participate in structured algorithms to determine patterns
in allogrooming. Further work to analyze these individual-level
benefits is already underway (work in preparation). Alternatively,
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FIGURE 6 | Cumulative number of ectoparasite transmissions over t = 300 steps (150 time-steps after ectoparasite introduction) for different grooming efficiencies
and social affiliation strategies. Each box plot shows cumulative transmissions over 100 trials, where transmissions have been re-scaled between 0 (no transmissions
occurred) and 1 (maximum number of transmissions observed for a given grooming efficiency). In the absence of grooming (g = 0, A), all 4 of the social affiliation
strategies result in similar transmission levels in all trials, although there are outlier trials with large numbers of transmissions with the degree affiliation strategy. For low
grooming efficiencies (g = 0.001, B), the most transmissions are instead observed for the random affiliation strategy. When grooming efficiency is increased to
g = 0.004 (C), the random affiliation strategy then shows the fewest median number of transmissions, followed by closeness and betweenness. The degree affiliation
strategy has the highest median number of transmissions, although there is a large spread and in some trials there are a very low number of transmissions. We also
observe this qualitative behavior when g = 0.008 (D).
it may simply be that ectoparasitic infection has played so little
role in the overall fitness of a population that the impact of
even strongly-directed selective pressures have not been the
driving factors in shaping the evolution of social behavior for
allogrooming species. It is not unlikely that ectoparasites have
exerted only one facet of the diversity of pressures faced by
emerging sociality, thus it will also be important to consider
under what types of selective pressures there might have been
convergence in the direction of selection, and instead when there
might have been conflicting pressures.
Of the potential selective pressures on social organization,
the most natural comparator for ectoparasitic infection is, of
course, pathogenic infection. Similar investigations exploring
the differential fitness of self-organizing social strategies as
a result of emergent robustness to pathogen transmission
have been published (Altizer et al., 2003b; Fefferman and Ng,
2007; Williams et al., 2018). There are, however, some critical
differences in the structure of these studies that makes their
direct comparison challenging. Most basically, the pathogen
studies followed standard epidemiological modeling practice of
considering the disease state of an individual to be without
magnitude (i.e., either infected or not, rather than considering
“how” infected an individual might be, and therefore also having
no impact on the probability of transmission of infection to
others). As a result, there was also no potential for infected
individuals to be the recipients of novel infection transmission
(i.e., even considering the number of successful transmissions of
infection reflected a subtly different phenomenon). Individuals
were assumed to recover after a set period of time, reflecting
immunological progression of a non-lethal infection (Fefferman
and Ng, 2007), and only after that recovery were they able
to be re-infected (Hethcote, 2000). Naturally, this dynamic
also obviated the concept of saturation of infection in a
population—while the disease could die out, any one instance
of infection progressed over time to recovery without immune
protection, rather than to an individual-level maximal disease
burden. Lastly, of course, while social contact did still provide
the mechanism by which exposure to infection occurred, no
action (i.e., allogrooming) taken by either social partner was
considered able to reduce the burden of infection in any way
(Hethcote, 2000). Still, despite these fundamental differences, it
is interesting to explore the qualitative comparison of protection
afforded a population exhibiting the same self-organizing social
strategies whether under threat of pathogens or ectoparasites.
In comparing ectoparasitic to pathogenic infections, while the
general conclusion of social organization providing protective
qualities for the social unit, which social organizational strategy
should be chosen differs depending on the type of threat. For
pathogens, at low transmission rates, a closeness or degree
affiliation strategy provides maximal protection (Fefferman
and Ng, 2007). The natural comparison amongst ectoparasitic
infections is at high grooming efficiencies. In this case, we observe
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FIGURE 7 | Correlation between network ectoparasite load at t = 260 (110 time steps after ectoparasite introduction) and total ectoparasite transmissions across
affiliation strategies and grooming efficiencies. The right column shows the ectoparasite load vs. number of transmission data points for the random affiliation strategy
for each of the grooming efficiencies, organized from top to bottom: g = 0, g = 0.001, g = 0.004, and g = 0.008. Here, we see the high correlation between these
quantities when g = 0 and conversely almost zero correlation between these quantities for g = 0.008. For networks organized with random, betweenness, and
closeness affiliation strategies, this correlation is high for g = 0 and g = 0.001 and low for mid-to-high grooming efficiencies (black, green, and red markers/lines). In
the network organized using a degree affiliation strategy (blue markers/lines), we see that the correlation remains high across all grooming efficiencies.
that social organization by degree is the least protective, with
closeness being a similarly poor strategy. This yields itself to
further investigation related to evolutionary social organizational
strategies related to the type of environmental pressures, rather
than pathogenic versus ectoparasitic infestations.
While interesting as thought experiments, of course, the most
important considerations of our study are not rooted in the
specific performance of the self-organizing behaviors considered.
Although a number of network measures have been investigated
in biological systems (e.g., modularity, clustering, host density,
and mating systems) (Altizer et al., 2003b; Nunn et al., 2015),
the strategies proposed in the current work are not meant to
capture meaningful, real-world behaviors. Instead, they allow us
to consider how various self-organizing behaviors that lead to
emergent social structures can have been shaped by the selective
pressures from ectoparasitic threats. In this light, it becomes clear
that our most important insight is that ectoparasitic infection
can have acted on the fitness of social behaviors differently
when selecting for protection from “growth” vs. protection from
“transmission.” From this perspective, it becomes clear how
the random affiliation strategy can exhibit the greatest number
of transmissions of ectoparasitic infection when the efficacy
of allogrooming is low: the ongoing re-wiring of the contact
network allowed for the greatest number of opportunities to
transmit additional ectoparasites to individuals who had not yet
reached maximum ectoparasitic burden, while more organized
re-wiring rapidly centralized the contacts such that the average
contact was with an individual who had already hit saturation
(by processes of both re-infection and ongoing growth of the
ectoparasite population on the individual after introduction).
Another fundamental insight from these models is that
demographic rates can play a critical, synergistic role in
modulating how these self-organizing strategies perform under
ectoparasite threat. If the epidemic spread of the ectoparasite is
slow relative to the demographic turn-over of the population,
this may shift the impact of selection toward limiting growth on
individuals after exposure, rather than on limiting the possibility
for novel exposure/transmission itself. Conversely, if an epidemic
is likely to spread rapidly, within one generation, then social
structures that serve to interrupt transmission to new individuals
should be favored. This insight may have profound implications
for the vulnerability of species to invasive ectoparasites, even
in cases when there are already similar established ectoparasitic
infections: combating established and endemic ectoparasitic
risks requires a fundamentally different social structure than
preventing the spread of a novel invasive threat (Rigaud et al.,
2010; Kappeler et al., 2015). It may be that exactly those
populations who have experienced intense selection to mitigate
ectoparasitic growth on each host (e.g., in populations frequent
environmental re-introduction for the average host), will be most
susceptible to the rapid spread of a single point introduction of a
novel invader.
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5. CONCLUSION
We have here presented a model demonstrating the possible
influence of parasite transmission dynamics on the evolution
of social behavior and shown that these dynamics could have
had an influence on the evolutionary success of social systems.
While not likely to be the only (or even dominant) selective
pressure on evolution of social behavior, explicit consideration
of the factors involved reveals how nuanced social evolution
must be to combat even single threats. Our studies demonstrate
the interdependence of impacts from emergent, self-organizing
social structure, spread of novel introduction of ectoparasites
through a host population, and allogrooming-based control of
endemic ectoparasitic growth.
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